In the study the mechanochemical treatment procedure was used to prepare composite materials based on SiO 2 with the addition of TiO 2 and carbon black as a carbon matter. The investigations were carried out at the three rotational speeds 300, 500 and 700 rpm. Thermal and structural characteristics of the composites were investigated using N 2 adsorption, TG/ DTG/DTA, SEM and FT-IR/PAS methods. The photocatalytic properties were evaluated by methylene blue degradation (C o = 1 × 10 −5 mol L −1 ) at UV light. The obtained results show that the mechanochemical treatment at different rotational speeds causes intensive changes in the porous structure of the obtained materials. Thermal analysis proved that the obtained materials are characterized by significant thermal stability. The obtained composites have comparable photocatalytic properties with pure TiO 2 despite the fact that in the composite only 5% of TiO 2 is used.
Introduction
The intensive development of industry caused a rapid increase in environmental pollution (Li et al. 2014) . Water pollution caused, among others, by the presence of dyes from industry is a mass problem facing humans worldwide. Most often coloured wastewaters are removed from the industry related to the production of rubber, leather, textiles, cosmetics, paper and plastics (Wu et al. 2017; Haque et al. 2011) . Many dyes are toxic, cancerogenic and mutagenic to aquatic organisms (O'Neill et al. 1999; Wu et al. 2017) . Even a very small amount of dye in water is highly undesirable (Haque et al. 2011) .
The use of conventional methods for dyes removal from water, such as ultrafiltration, adsorption and reverse osmosis does not often give satisfactory results (Rajeshwar et al. 2008 ). Therefore new technologies for wastewater treatment are still being sought. Heterogeneous photocatalysis is included to advanced oxidation processes and plays a significant role in wastewater treatment. (Rajeshwar et al. 2008; Chong et al. 2010) . In order to conduct a heterogeneous reaction five steps have to be taken. First, there must be diffusion of reagents to the surface (1). Then the reagents adsorb on the surface (2) and the reaction (3) proceedes on it. After these stages desorption (4) and diffusion (5) of products from the surface take place (Pirkanniemi and Sillanpää 2002; Herrmann 1999) .
For photocatalytic degradation of dyes, the semiconductors (for instance metal oxides or metal sulphides) and their composites are often used (Fu et al. 1996; Zhang and Guo 2013; Ghorai et al. 2011) . The most commonly used photocatalyst is titanium dioxide. This oxide is characterized by low cost, non-toxicity, chemical stability and long durability (Mills and Le Hunte 1997; Yin et al. 2003; Nakata and Fujishima 2012) . It is not hazardous for the environment and humans (Van Gerven et al. 2007) . TiO 2 occurs in three polymorphic forms in nature: anatase, rutile and brookite (Zhang and Banfield 2000) . Most often only anatase and rutile are used as photocatalysts (Yin et al. 2003) . TiO 2 has a wide band gap (3.2 eV for anatase and 3.0 for rutile) and therefore it is characterized by high photocatalytic activity in UV light (Hanaor and Sorrell 2011; Zhao et al. 2010; Zhang et al. 1997) .
There are many methods for producing photocatalysts, e.g.: co-precipitation (Martinez-de La Cruz and Garcia Perez 2010; Yu et al. 2009; Zhang et al. 2005) , sol-gel (Anderson and Bard 1997; Gao et al. 2009; Wu and Chen 2004; Yu et al. 2000) and hydrothermal methods (Fu et al. 2006; Kim et al. 2007; Yu and Kudo 2006) . They are characterized by large consumption of energy and solvents constituting the reaction medium. Photocatalyst preparation processes usually generate high temperatures and pressures and a lot of waste products which can be dangerous for the environment (Molchanov and Buyanov 2001) .
One of the methods of obtaining photocatalysts that does not result in environmental hazards is mechanochemistry (Jalalah et al. 2013; Carneiro et al. 2014) . It gives the possibility of preparation of high-performance photocatalytic systems and creation of new physicochemical properties of various types of materials (Molchanov and Buyanov 2001) . The mechanochemical processes are therefore in line with the principles of green chemistry introduced by Anastas (Anastas and Kirchhoff 2002). The energy generated during the collisions of the grinding balls is so high that it creates new chemical bonds between the substrates. Mechanochemical treatment in high energy mills enables the design of many compounds with different properties, including photocatalytic ones. In addition, it does not require the use of solvents, and thus reduces or completely eliminates the production of waste products (Kucio and Charmas 2018) .
The aim of this paper was preparation and characterization of the composite materials characterized by photocatalytic properties using the mechanochemical method. The composites were based on SiO 2 (matrix), TiO 2 (photocatalytic component) and carbon black (adsorbent). Their applicability was tested using methylene blue in the range of UV light.
Experimental

Materials
The initial materials used in the research were TiO 2 (POCH, Poland), synthetic amorphous SiO 2 (SIPERNAT 50, Degussa, Germany) and carbon black (Gryfskand, Poland) as a carbon source.
Mechanochemical treatment (MChT)
The mechanochemical treatment was carried out using a planetary ball mill Pulverisette 7 (Fritsch, Germany). Four series of samples were prepared in the air atmosphere at rotational speeds (300, 500 and 700 rpm): (1) TiO 2 (after MChT designated as T-300, T-500 and T-700); (2) SiO 2 (designated as S-300, S-500 and S-700); (3) SiO 2 with the addition of TiO 2 (5%) (ST-300, ST-500 and ST-700); (4) SiO 2 with the addition of TiO 2 (5%) and carbon black (1%) (STC-300, STC-500 and STC-700). The mass ratio of the balls to the powder was 23:1 for the SiO 2 series, 6.6:1 for the TiO 2 series, 22:1 for the SiO 2 -TiO 2 series and 22:1 for SiO 2 -TiO 2 -C series. MChT was carried out for 60 min (four cycles × 15 min, 5-min breaks were between the 15-min cycles). The container (80 cm 3 ) and 250 balls of 5 mm diameter (total mass of 92.5 g) were manufactured from zirconium oxide, ZrO 2 . During the milling the temperature and pressure values were registered using the EASY GTM software (Fritsch, Germany). After MChT only the T-series had a coarse-grained consistency and the others were fine-grained.
Determination of bulk density
An analytical scale and a measuring cylinder (10 cm 3 ) were used to determine the bulk density (ρ). Approximately 5 cm 3 of each of the studied samples was precisely weighed and next the cylinder was tapped ten times against the background to spread the material evenly. Next the volume of the samples was read. The operation was repeated three times. The bulk density was calculated on the basis of the formula 1:
where m-the sample weight [g], V-the volume of the sample [cm 3 ].
Nitrogen adsorption/desorption
In order to determine the structural parameters of the obtained samples, the method of low-temperature nitrogen adsorption/desorption (77.4 K) was used. The isotherms were recorded using a Micromeritics ASAP 2405N (USA) adsorption analyzer. Based on the obtained data the specific surface area S BET (BET equation at p/p 0 between 0.06 and 0.2, where p and p 0 are the equilibrium and saturation pressures of nitrogen, respectively), the micropore surface [S micro , calculated using the t-plot method (Gregg and Sing 1982) ], the pore volume (V p, estimated at p/p 0 ≈ 0.98), the volume of micropores (V micro ) and the average pore radius (R av, calculated for the model of cylindrical pores, D p = 4V por /S BET ) were determined. Pore volume distributions in the function of their sizes were calculated using the Barrett-Joyner-Halenda (BJH) method (Barret et al. 1951) .
(1) = m/V
Determination of macropores volume
In order to determine the total pores and macropores volumes, the pores of these samples were filled with methanol. The samples were firstly dried at 110 for 24 h to eliminate the physically adsorbed water. Using a glass analytical burette (V = 1 cm 3 ) small portions of methanol were added to the sample (known mass) and the pores filling process was ultrasound-aided. The pores filling was repeated until they were completely full. The titration procedures was repeated three times. After filling the pores, the volume of methanol consumed for making the pores full in a given weight of the tested material was read. The total pore volume was calculated according to Eq. 2:
where V total* -the total pores volume [cm 
Spectroscopic characteristics
The Fourier transform infrared photoacoustic spectroscopy (FT-IR/PAS) was used to record the spectra (Bio-Rad Excalibur 3000MX spectrometer, detector MTEC 300). The spectra were recorded in the range 4000-400 cm −1 .
Thermal analysis
The thermal studies of the samples were carried out heating in air atmosphere from 20 to 1200 °C (heating rate 10° min −1 ) using a Derivatograph C (Paulik, Paulik & Erdey, MOM, Budapest). The weight of the test samples was about 16 mg. The TG-DTG-DTA curves were registered. Ceramic crucibles and Al 2 O 3 as a reference material were used in the investigations.
Photocatalytic test
The obtained materials were studied for their photocatalytic properties. Methylene blue (C 16 H 18 ClN 3 S, C o = 1 × 10 −5 mol L −1 ) which is a standard dye commonly used in the photocatalytic studies was used. The tests were carried out in a glass reactor (UV-RS-2, Heraeus) under ultra violet radiation. The ratio of sample mass to the (2) V total* = V me,av m s (3) V macro* = V total* − V p solution was 1 mg/1 ml. The reactor with the test sample was placed on a table with a magnetic stirrer in order to ensure the same distribution of the catalyst in the entire volume of the system. The solution was mixed with the test sample without access to light for 30 min to determine dye adsorption on the photocatalyst surface. Then the UV light was on. The samples were taken at regular intervals, filtered using syringe filters and centrifuged (2 × 15 min, 12,000 rpm). Using the UV/VIS spectrophotometer (Helios Gamma, Spectro-Lab, Poland) the solution concentrations were measured based on the calibration curve (y = 176.06x + 0.0664, R 2 = 0.9983).
Results and discussion
Pressure and temperature changes obtained during MChT
Figure 1 presents an exemplary course of temperature (a) and pressure (b) changes recorded during the mechanochemical preparation of STC composites series. It can be clearly seen that at small rotation (300 rpm) the temperature and pressure values increase systematically in each subsequent cycle. The use of 500 and 700 rpm results in slightly different effects: although the temperature systematically increases after the maximum value in the first cycle the obtained pressures are reduced. This may indicate the highest efficiency of the first grinding cycle at such high rotation speed followed by gradual stabilization of the system. Analyzing the course of the curves in Fig. 1b , it can be seen that the highest pressure values were achieved for the sample subjected to a mechanochemical treatment at 700 rpm. However, with the increasing processing time, the temperature of all systems increases. The highest values of the temperature and pressure are obtained for the STC-700 sample (Fig. 1a) . Similar courses of the temperature and pressure changes were obtained for all tested materials.
Porous structure
In Fig. 2 the low-temperature N 2 adsorption/desorption isotherms (a, c, e, g) and dV/dR (b, d, f, h) curves for the prepared samples are presented. As follows from the analysis of the course of adsorption isotherms they are of type IV according to the IUPAC classification (Rouquerol et al. 1994) . The isotherms characterized by poorly developed hysteresis loops (IV type) indicate that the obtained composites are mesoporous materials, in the pores of which the phenomenon of capillary condensation is observed. The course of the analyzed isotherms indicates also a small number of micropores.
The analysis of the isotherms shape shows clearly that due to the mechanochemical treatment, the porous structure of all materials including SiO 2 is destroyed (S, ST and STC series). This is the most evident during the mechanochemical treatment of initial SiO 2 (Fig. 2a) and composites obtained on its base-the ST (Fig. 2e) and STC (Fig. 2g) series. As one can see the MChT at the rotation speed of 300 rpm causes partial lowering of the isotherms. However, the rotation speeds 500 and 700 rpm cause that the isotherms are placed horizontally just above the p/p 0 axis. This suggests an intense reduction in the structural parameters and changes in the porosity. As follows after MChT the dV/dR curves for the samples containing SiO 2 (S, ST and STC series) have monomodal character and are characterized by narrow mesopores at R dom = 2 nm while the dV/dR band for SiO 2 ini was relatively wide with a maximum at 3 nm. The mechanochemical modification caused the decrease of the pore volume but did not change the dominant pore size which is ~ 2 nm (Fig. 2b, f, h ). These observations are confirmed by the structural parameters included in Table 1. The TiO 2 ini which had a poorly developed porous structure and the T-300, T-500, T-700 obtained a better developed porous structure than that of TiO 2 ini after the mechanochemical treatment (Fig. 2c, d ). However, in the case of SiO 2 an opposite effect was observed. The isotherms are gradually placed higher relative to the p/p 0 axis which indicates an increase in the porosity of the obtained materials after MChT. These materials (except for T-700) do not have clearly developed dominant pores (Fig. 2d) . The bandwidth is wide and the average pore radius is almost 10 nm (Fig. 2d) . Only the T-700 material is characterized by a clearly created peak with the maximum at ~ 2 nm indicating the dominant pore radius R dom . ), which after MChT decreases to 236.1 (S-300), 38.1 (S-500) and 27 (S-700) ( Table 1) . Similar changes are observed for the other parameters included in Table 1 , except for bulk density (this parameter increases during the MChT process).
The analysis of the presented data shows that in a series of composites including SiO 2 (ST and STC series) obtained by mechanochemical treatment, the highest specific surface area and pore volume are found in the composites obtained at lower revolutions (300 rpm) which is due to the behaviour of the main component, SiO 2 , whose structure is easily destroyed during the MChT process.
The addition of TiO 2 into the structure (ST series) causes a small decrease of S BET which is not observed in the case of the V p parameter. This results from the contribution of both SiO 2 (main component, decreasing the porosity after MChT) and TiO 2 (additive, increasing this parameter after MChT) in the composite structure. The similar dependences are observed for the STC series but the S BET parameters are slightly larger than for the ST series which is a result of the addition of carbon black of a relatively large specific surface area (441.3 m 2 g −1 ). For the last two series changes of the other parameter are similar to those for SiO 2 because of much higher content of SiO 2 in them.
Analyzing the data on the initial TiO 2 , it can be concluded that the material has a poorly developed specific surface area (6.5 m 2 g −1 ) where almost half (2.6 m 2 g −1 ) is the micropore surface. The mechanochemical treatment . The observed surface increase in the case of TiO 2 results from the considerable fragmentation of the material. The increase in the specific surface area of these samples can be clearly seen also in the SEM images (Fig. 3) . TiO 2 after the mechanochemical treatment at 700 rpm has clearly sharped edges (Fig. 3b) while the grain edges of T-300 are smooth (Fig. 3a) . Figure 4 shows the course of changes in the average total pore volume and that of macropores for all mechanochemically modified materials. These data were obtained on the basis of filling the material pores with methanol. As follows from the course of the curves, the mechanochemical treatment causes the reduction of the studied parameters. The tendency is the same for all samples. With the increase mill rotation speed, the total pore volume V total and the volume of macropores V macro decrease (Fig. 4) . 
FT-IR/PAS analysis
In order to have a better insight into the structure of synthesized materials, infrared spectroscopy was used (FT-IR, Fourier transform infrared spectroscopy) and more precisely, photoacoustic spectroscopy (FT-IR/PAS, Fourier transform infrared photoacoustic spectroscopy). This technique has huge advantages over the commonly used transmission technique because it does not require prior sample preparation and is non-destructive. In Fig. 5a TiO 2 framework vibrations (below 2000 cm −1 ) and hydroxyl groups bands (3745, 3670 cm −1 -isolated -OH and hydrogen bonded -OH⋯H, respectively) are visible. There are no spectacular changes in the spectra of TiO 2 series samples compared to the initial TiO 2 material. The only difference is noted in the -OH stretching range (increase in intensity of the wide band with the maximum at 3390 cm −1 ). This band shows the presence of both -OH and hydrogen bonded -OH⋯H in the Ti-OH structures and/or physically adsorbed water. Figure 5b presents the spectra of SiO 2 samples. The peak at approx. 3740 cm −1 , visible in all spectra is assigned to the isolated silanol groups ≡SiOH. The peak at ~ 3622 cm −1 is responsible for the presence of hydrogen bonded SiOH⋯ − OSi groups, and more accurately it indicates the presence of internal hydroxyl groups. The wide band with the maximum at ~ 3400 cm − shows the presence of both -OH and hydrogen bonded -OH⋯H in the Si-OH structures and physically adsorbed water. The broad, intense bands in the range of 1300-1000 cm −1 can be attributed to the asymmetric stretching vibrations of Si-O-Si bridges, and the peaks at ~ 795 cm −1 and ~ 470 cm −1 can be assigned to the symmetric stretching and deformation modes of Si-O-Si, respectively. The IR bands observed within 980-910 cm −1 can be assigned to the Si-O-Si stretching vibrations. The band at 972 cm −1 is visible only in the spectrum of the initial silica, but not in the SiO 2 series samples spectra, which may indicate that the rotation and energy produced during this process affect the change of silica structure-the band at 972 cm −1 shifts to a lower wavenumber (937 cm −1 ) for the SiO 2 samples.
As you can see the use of high rotation speed (S-500 and S-700 samples) causes a reduction in the quantity of isolated silanol groups (3734 cm −1 ) while the quantity of hydrogen bonded SiOH⋯ − OSi groups remains practically unchanged (3622 cm −1 ).
Fig. 4
Exemplary changes in the total pore volume and that of macropores depending on the speed of mill rotation In this case there can be also observed the difference in the amount of isolated silanol groups ≡SiOH-the intensity of the peaks is lower in the case of ST-500 and ST-700 samples (Fig. 6a) . The investigations indicate that there can be a relationship between the intensity of the band at ~ 940 cm −1 and that at ~ 800 cm −1 (which is responsible for the symmetric Si-O-Si symmetric vibrations). The intensity ratio of 940/800 cm −1 is much higher for the silica materials with other ions incorporated into the silica structure. Thus an increase in 940 cm −1 band intensity relative to the band at 800 cm −1 may be evidence of attachment of titania ions into the crystal lattice of silica. In our case, the higher the rotation speed, the higher the 940/800 cm −1 ratio. This may show the incorporation of titanium into the silica structure.
In the case of the samples with carbon addition (STC series), the spectra are similar to the previous ones (ST series), but all peaks in the spectra of STC series are of much lower intensity (Fig. 6b) . This is probably due to the addition of carbon, which somehow "seals" signals from silica.
Similarly to the ST series, the higher the rotation speed, the higher the ~ 940/800 cm −1 ratio-it may be evidence of titanium incorporation into the silica structure.
Thermal analysis
Application of thermal analysis made it possible to estimate thermal stability of the studied materials. Three series of samples under investigations are individual inorganic oxides (S and T series) or composites (ST series). The initial materials (SiO 2 and TiO 2 ) are thermally stable. The mass changes during the thermal analysis are a results of desorption of physically bound water (20-200 °C) and surface hydroxyls as well as intraglobular water (above 200 °C). The presence of such forms of water was proved by the FTIR investigations. The fourth series contains additionally carbon matter (carbon black, 1%) but its content is very small and significant effects resulting from its presence are not noticeable. Figure 7 presents the exemplary results of thermal analysis of ST series composites. The course of the TG curves (Fig. 7a ) appears to be dominated by the main component of the composite-SiO 2 . The intensive mass loss is observed in the temperature range 20-200 °C (~ 4-7%). At a temperature higher than 200 °C the successive mass loss seems to be dependent on the rotation speed: the higher rotation speed, the grater mass loss. These observations indicate that MChT introduces larger amounts of hydroxyl groups into the composite structure. This is confirmed by the courses of DTG (Fig. 7b) and DTA (Fig. 7c) curves.
Photocatalytic characteristics
For all series of materials including TiO 2 (T, ST and STC series) the photocatalytic investigations were carried out. During the measurements the initial adsorption of the dye on the catalyst was observed within the first 30 min. In the case of TiO 2 series the adsorption values were 4-21%. For the SiO 2 based materials (ST and STC) the adsorption was higher due to silica contribution to the composite structure (Fig. 8a, b) . Generally, the increase of the rotation speed causes the decrease of structural parameters, which limits the adsorption, but the addition of carbon black causes higher adsorption for the STC series (Fig. 8b) , than for the ST series (Fig. 8a) . The exemplary adsorption values are 9.5% for ST-700 (Fig. 8a) and 25% for STC-700 (Fig. 8b) .
The investigation results show that the mechanochemical treatment worsens dye degradation efficiency (Fig. 9a, b) . The course of the curves in Fig. 9a shows that the increase in the rotation speed reduces effectiveness of TiO 2 as a photocatalyst in the range of UV radiation in the case of all series. Total degradation of the dye was observed after about 20 min. However, the attention should be paid to comparable degradation processes using pure TiO 2 (Fig. 9a) and composite materials with a much lower content of this photocatalyst (only 5%, Fig. 9b ).
Conclusions
We have investigated structural, thermal, and photocatalytic properties of composite materials containing SiO 2 , TiO 2 and carbon black as a carbon source. The influence of the speed of mechanochemical treatment on these parameters was analyzed. It was shown that mechanochemical treatment allows preparation of composite materials with new structural properties. Increasing the rotation speed reduces the specific surface area (S BET ) and the pore volume (V p ) of S, ST and STC series of composite materials. Only in the case of TiO 2 the specific surface area increased slightly. The increase in the rotation speed during the mechanochemical treatment resulted in the increasing bulk density of the tested samples. Thermal analysis showed significant thermal stability of the obtained materials. Up to 200 °C desorption of physically bound water took place whereas the release of surface hydroxyl groups and intraglobular water, especially from the surface of SiO 2 -based materials, was observed at a higher temperature. The photocatalytic tests results indicate that the mechanochemical treatment does not improve photocatalytic activity of the studied materials in relation to methylene blue in the UV range.
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